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ABSTRACT 

The defect responsible for reverse annealing in 
2 ohm-cm n + /p silicon solar cells has been identi- 
fied. This defect, with energy level at E v +0.30eV, 
has been tentatively identified as a boron-oxygen- 
vacancy complex. Our calculations also suggest tl.at 
its removal could result in significant annealing 
for 2 ohm-cm and lower resistivity cells at temper- 
atures as low aB 200° C. Those results were ob- 
tained by use of on expression derived from the 
Shockley-Read-Hall recombination theory which re- 
lates measured diffusion length ratios to relative 
defect concentrations and electron capture cross 
sections. The relative defect concentrations and 
one of the required capture cross sections are ob- 
tained from Deep Level Transient Spectroscopy. 

Four additional capture cross sections are obtained 
using our diffusion length data and data from tem- 
perature-dependent lifetime studies. These calcu- 
lated results are in reasonable agreement with ex- 
perimental data. However, since identification of 
the atomic constitution of the defect at Ey + 0.30 
eV is speculative, additional effort is required 
to effect a firm identification of the sub-micro- 
scopic constituents of this harmful defect. 

INTRODUCTION 

One barrier to extending mission times in 
soace is the radiation damage suffered by the sili- 
con solar cell power supply. Overcoming this bar- 
rier by complete elimination of radiation damage to 
the cell remains an elusive research goal. A more 
pragmatic approach is to thermally anneal the ra- 
diation damage. Significant recovery of the per- 
formance of radiation-damaged silicon solar cells 
can be effected by annealing at temperatures of 
about 400° C and above (1) . Exact temperatures re- 
quired and the amount of recovery accomplished de- 
pend upon radiation dose level and the silicon 
type, dopant, and resistivity. However, consider- 
ably lower temperatures would be required to avoid 
irreversible damage to array components while 
achieving the in-si tu annealing required to extend 
mission lifetimes in space. One approach for 
achieving lower annealing temperatures lies in 
identification and removal of the major defect (s) 
whose effect on cell performance necessitates use 
of the higher annealing temperatures. The primary 
objective of the present work is to identify this 
defect (s). An additional barrier to low tempera- 


ture annealing is the reverse annealing phenomena 
usually observed in silicon solar cellB. 

The phenomenon of reverse annealing haB been 
observed in bulk silicon (2) and in silicon color 
cells (1,3). Since i during reverse anneal, cell 
performance degrades at temperatures well below 
400° C, it constitutes a detriment toward the 
achievement of annealing at low temperatures. Thus, 
to achieve low temperature annealing, identifica- 
tion and elimination of the defect or defects re- 
sponsible for both the reversal and the high-tem- 
perature annealing is necessary. In this paper we 
report efforts to Identify the defect whose pre- 
sence necessitates high annealing temperatures and 
the defect responsible for the reverse annealing 
phenomena in silicon solar cells. In the present 
case, we combine information from Deep Level Tran- 
sient Spectroscopy (DLTS) (4) with diffusion length 
measurements and the Shockley-Read-Hall (SRH) re- 
combination theory (5,6) to identify the respon- 
sible defects, 

EXPERIMENTAL 

Irradiations and isochronal annealing were 
performed on n+p silicon solar cells with 0.1 and 2 
ohm-cm boron-doped base resistivities. Startingma- 
terial for the 2 ohm-cm cell was Czochralski grown 
while the starting material for the 0.1 ohm-cm 
cell was vacuum float zone refined single crystal 
silicon. The cells were irradiated by 1 MeV elec- 
trons to a fluence of lO^S cm - 2. After irradia- 
tion, the cells were isochronally annealed in 
50° c steps, the cells being held at each fixed 
temperature point for 20 minutes. Minority carrier 
diffusion lengths and AMO I-V measurements were ob- 
tained at room temperature before and after irra- 
diation and after each step in the isochronal 
anneal. Diffusion lengths were measured by an 
X-ray excitation technique (7) , while the AMO I-V 
measurements were obtained using a xenon-arc solar 
simulator. 

RESULTS 

Figure 1 shows the percent change in short- 
circuit current during the isochronal anneal for 
both the 0.1 and 2 ohm-cm cells. The reverse 
annealing phenomena occurs at temperatures between 
about 200° to 350° C for the 2 ohm-cm cell. These 
data are similar to those reported by others (1) . 
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Although a small tendency toward reverse annealing 
appears in the D.lohm-cadata at 200° C, the effect 
is essentially absent, within experimental error, 
in the low resistivity cells studied hare. Figure 2 
shows the behavior of the diffusion length ratio 
L 1 /^IRR for tlle 8ame two cells during isochronal 
anneal. The subscript X denotes a measurement 
made after isochronal anneal at temperature T 
while the subscript IRK denotes tile room temper- 
ature measurement made immediately after irradia- 
tion. For reasons which arc clafifiad in the next 
section, these diffusion length ratios are related 
to measured defect concentrations and capture cross 
sections. Thus, to further analyze these data, 
both defect concentrations and capture cross sec- 
tions are required. The relative defect .oncentra- 
tions shown in Fig, 3 are obtained from t . . DLTS 
results of Ref. A, normalized to the present flu- 
enco of 10l5/cm2, 

THEORY AND CALCULATIONS 
Working Equation 

To obtain an equation relating the diffusion 
length data to defect parameters sucli as carrier 
capture cross sections and relative defect concen- 
trations, we use the Shockley-Read-Hall (SR11) 
theory of recombination (5,6). Our starting point 
is the SRH expression for the carrier life- 
times due to the ith single level defect. For 
low injection conditions we have; 


where mj, and m e are hole and electron effective 
masses, respectively. 

For P type silicon p 0 is measured and n 0 
calculated from the relation! 

Vo " "l W 


where n^. is the Intrinsic carrier concentration. 

Using Eqs. (2), (3), and (A), we find for the 
defects In Fig. 3 that! 

14 ^ 

n o + P o 


and 


n o *• n l 
n o + P o 


« 1 


v « v « 2*10 / cm/sec 
n P 


Hence Eq. (1) simplifies to 
1 


N.o .v “ N R.o .v 
i ni n max i -i n 


(5) 


where R^ is the relative concentration of the 
if' 1 defect with 


N l 

1 1 

/a o + n l\ 1 | 

^ P o + p l\ 

V ff . * 
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Where N^ is the concentration of the ith 
defect, n 0 and p 0 are equilibrium electron and 
hole concentrations, v n and Vp are thermal vel- 
ocities for electrons and holes, o pi and a fl ^ are 
hole and electron capture cross sections for the 
ith defect and nj. and pj_ are calculated from 
the relations: 


n l “ N c exp ("■ ± 'k~7 (2a) 

P 1 “ N v oxp ( V kT ± ) < 2b) 

N c and N v are the density of states for the 
conduction and valence bands k is the Boltzmann 
constant and is the energy level of the ft' 1 

defect. The thermal velocities are obtained from 
the relations; 



v » 
n 



(3a) 


(3b) 


max 


( 6 ) 


N max boin S the maximum defect concentration 
measured by DLTS during the Isochronal anneal. For 
example in Fig. 3, N max 1 b obtained from the peak 
amplitude of the E v + 0.38 eV defect (A) 

Since 



We obtain the required relation 
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Capture Crons SectlonB 

The capture cross sections obtained from DLTS 
(4), are listed in Table X. Since the electron 
capture cross section, o n , for only one defect 
(E c - 0.2’ eV) is available from DI.TS, we cannot 
calculate diffusion length ratios from Eq. (8) 
using only this DLTS result. We have therefore 
obtained the necessary additional c n values by 
other methods. 

With respect to the defects at By + 0.38 aV 
and Ey + 0.23 eV, tceperature dependent lifetime 
studies in 1.5 ohm-cra p-typa silicon yield values 
for the ratio o n /an from which o n is calculated 
(8), From Ref, 8, for the Ey + 0.38 eV defect 
a n /a p « 150 and for the defect at E v + 0.23 eV, 
o n /o p » 1300 from which the c n values for these 
defects shown in Table XX arc calculated, For the 
remaining defects, values for c n were computed by 
fitting Eq. (8) to the diffusion length data of Fig. 2 
at 250° and 300° C using R^ values from Fig 3. In 
this way, the electron capture cross sections for the 
defects at Ey + 0.30 eV and Ey + 0.26 aV were ob- 
tained. Thus , the required cross sections for all 
but the defect at By + 0.20 eV are obtained for use 
in Eq. (8). Since we cannot evaluate <7 n for this 
latter defect, it is assumed that this defect can 
be ignored in subsequent calculations. 

Calculations 

Diffusion length ratios calculated from Eq. (8) 
using the cross sections of Table II and the data 
of Fig. 3 are shown in Fig. 4 for the 2 ohm-cm 
cell. The solid curve in Fig. 4 is the curve drawn 
through the measured diffusion length ratios shown 
in Fig. 2. The measured and calculated values are 
in reasonable agreement. The assumption that 
Ey + 0.2 eV center could be Ignored appears war- 
ranted. Omitting the defect at E v + 0.30 eV and 
repeating the calculations, we find that the re- 
verse annealing disappears from the calculated re- 
sults as shown in Fig. 5. We note that of the five 
defects considered in those calculations, only this 
latter defect eliminates the reverse annealing phe- 
nomena when omitted from the calculations. Hence, 
we conclude that the defect at E v + 0.30 eV is 
responsible for the reverse annealing observed in 
the present 2 ohm-cm cells. These calculations 
also suggest that removal of the defect at 
E v + 0.3 eV could result in significant cell re- 
covery or annealing at 200° C (Fig. 5). 

In addition to the 2 ohm-cm cell, Ref. 4 re- 
ports the relative defect concentration for a 0.3 
ohm-cm cell shown in Fig. 6. These data were used 
to calculate diffusion length ratios using the cap- 
ture cross sections of Table II and Eq. (8). We 
are unable to obtain a capture cross section for 
the defect at E v + 0.48 eV, hence it is omitted 
from the calculation. The calculated results for 
the low resistivity call are shown in Fig. 7. 

These results predict the absence of reverse an- 
nealing in this low resistivity cell and are in 
qualitative agreement with our data for the 0. 1 
ohm-cm cell. The omission of the center at 
Ey + 0.48 eV seems warranted. Repeating the cal- 
culation by omitting the defect at Ey + 0.30 eV 


yields the dotted line of Fig, 7. These results 
suggest fch".i. removal of the defect et Ey + 0.30 eV 
could also result in significant cell recovery or 
annealing at 200° C. In this respect it is signif- 
icant to note that cells of this low resistivity 
presently require annealing temperatures higher than 
400° C to effect such recovery. 

DISCUSSION 

The preceding indicates that the defect at 
E v + 0.30 eV is responsible for the observed re- 
verse annealing in the 2 ohm-cm cell. The calcula- 
tions also suggest that the same defect is respon- 
sible for the required high annealing temperatures 
and that its removal could result in significant 
performance annealing at 200° C, In making this 
suggestion, it is implied that with removal of the 
responsible defect, another will not take its 
place. The present work 1b incomplete in the sense 
that detailed consideration Iibb not been given to 
this possibility. Before a scheme can be deviBed 
to eliminate the E v + 0.3 eV defect, we must iden- 
tify its atomic composition. It is therefore im- 
portant to speculate on the nature of this defect. 

It is reported that the Ey + 0.30 eV defect al- 
ways appears when the E c - 0.27 eV defect dis- 
appears (4). The two defects are related in the 
sense that the E c - 0.27 eV defect can he called 
the parent to the defect at E v + 0.30 eV. Hence, 
the atomic constitution of both defects is of im- 
portance. 

The defect at E v + 0.30 eV has been tenta- 
tively identified as a boron-oxygen-vacancy complex 
(4). The E c - 0.27 eV defect increases in con- 
centration with increasing boron concentration and 
has been identified as a boron interstitial-oxygen 
interstitial complex (4) . An alternate identifica- 
tion asserts that the E c - 0.27 eV defect is com- 
posed of a boron interstitial-boron substitutional 
pair (9). Both a firmer identification of the 
E v + 0.30 eV defect and additional research direc- 
ted at choosing between competing identifications 
for the E c - 0.27 eV parent defect are required. 
Such identifications would be an invaluable guide 
to processing efforts aimed at decreasing the con- 
centration of these radiation induced defects. 

SUMMARY AND CONCLUSION 

We have used the Shockley-Read-Hall recombina- 
tion theory to obtain an expression relating mea- 
sured diffusion length ratios to defect concentra- 
tions and electron capture cross sections in p-type 
silicon. Because only one of the many required 
cross sections was available from DLTS data, we 
utilized temperature dependent lifetime studies and 
the measured diffusion length data to determine 
four additional electron capture cross sections. 
Calculations using these cross sections and repor- 
ted relative defect concentrations show reasonable 
agreement between calculated and measured diffu- 
sion length ratios. Our calculated results indi- 
cate that a defect at E v + 0,30 eV is responsible 
for th reverse annealing observed in 2 ohm-cm n + /p 
silicon solar cells . It was also determined by 
calculation that removal of this same defect could 
result in significant annealing at temperatures as 


3 


low os 200° C for 2 ohm-cm and lowar resistivity 
cello. Ilonca, wo identify the defect, whose energy 
level is at Ey + 0.30 eV. as the major defect 
whose effect on cell performs' to necessitates ubo 
of ur.nealing temperatures around 400° C. Since a 
firm identification of its atomic constituents has 
not been made, additional identification efforts 
are required in order to guide processing efforts 
directed at removal of the harmful defect. 
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TABLE I. - CAPTURE CROSS SECTIONS FROM DLTS 


Defect energy 
level. 

Capture cross sections, 

cm2 

oV 

°P 

"n 

E y + 0.38 

2xl0~ 16 

— 

E - 0.27 
0 


2xl0~ 9 * * * 13 

E y + 0. 23 

3xl0~ 16 


E y + 0.30 
E y + 0. 26 
E +0.2 

V 

2xl0" 16 



TABLE II. - ELECTRON CAPTURE CROSS SECTIONS 


Energy level 
of defect, 
eV 

Electron capture 
cross section, 
cm2 

Method for 
obtaining 
section 

E - 0.27 
c 

2xl0 _13 

DLTS 

E y + 0. 38 

3xl0“ 14 

a /a w 150* 
n P 

E y + 0. 23 

3.9*10 -13 

cr /a « 1300* 

E y + 0. 30 

3.6xl0" 13 

Fit of 1/L 2 ratio 
to DLTS (250° C) 

E v + 0. 26 

9.5X10 -14 

Fit of 1/L 2 ratio 
to DLTS (300° C) 


Computed from o n /Op ratios for 1.5 ohra-cm 
p-type (FZ) from Srour, Curtis, Othmer, Chiu, 
and Deokar: Report HDL-TR-171-4. 
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Figure 1. - Isochronal anneal of n + p silicon solar 
cells after 1 MeV electron. Irradiation: <p • 
10 i:, /cm% (Time at temperature, 20 min. ) 




RELATIVE DEFECT CONCENTRATIONS 



Figure 3. - Relative defect concentrations from 
DLTS (after Mooney etaU. 



Figure 4 - Comparison of calculated and measured diffu- 
sion length ratios. 





DIFFUSION LENGTH RATIOS 


O 0. 3 Q-cm CALCULATED 
♦ — 0.3 O-cm CALCULATED WITHOUT 



Figure 7. - Calculated and measured diffusion length 
ratios, low resistivity P-Si. 
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